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(54) Control arithmetic apparatus and method 

(57) A control arithmetic apparatus includes a sub- 
tracting section (3), disturbance application detecting 
section (4), error correction amount calculating section 
(5), error correction amount convergence calculating 
section, and control arithmetic section (7). The subtract- 
ing section calculates the error of a controlled variable 
oh the basis of a controlled variable and set point for a 
controlled system. The disturbance application detect- 
ing section detects, in control cycles, on the basis of the 
error output whether a disturbance is applied. The error 
correction amount calculating section calculates an 
error correction amount on the basis of the magnitude of 



the error when application of a disturbance is detected. 
The error correction amount convergence calculating 
section performs convergence operation such that the 
error correction amount output from the error correction 
amount calculating section gradually converges to 0. 
The control arithmetic section calculates a manipulated 
variable on the basis of the error output from the sub- 
tracting section and an error correction amount after the 
convergence operation which is output from the error 
correction amount convergence calculating section. A 
control arithmetic method is also disclosed. 
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Description Kg = aTp/(KpLp) (4) 



Background of the Invention 

[0001] The present invention relates to a control 
arithmetic apparatus for performing, for example, PID 
(Proportional, integrational and Differential) control or 
IMC (Internal Model Control) to calculate a manipulated 
variable on the basis of the error (deviation) between a 
set point and a controlled variable or the like and, more 
particularly, to a control arithmetic apparatus having the 
function of suppressing an overshoot accompanying the 
application of an disturbance and a control arithmetic 
method. 

[0002] Conventionally, an apparatus using PID con- 
trol is generally used as a versatile control arithmetic 
apparatus that can be used for an Indefinite controlled 
system. As shown in Fig. 5, a conventional PID control 
arithmetic apparatus 10 is comprised of a host compu- 
ter 1 1 for outputting an error Er by subtracting a control- 
led variable PV from an input set point SP and a control 
arithmetic section 12 for calculating a manipulated vari- 
able MV from the error Er output from the subtracting 
section 1 1 and outputting it to a controlled system 13. 
[0003] Letting C PlD be the transfer function of the 
control arithmetic section 12 and P be the transfer func- 
tion of the controlled system 13, the manipulated varia- 
ble MV is obtained from the transfer function C P | D of the 
control arithmetic section 12 according to equation (1): 

MV=C PID (SP-PV) (1) 

The transfer function C PID can be expressed as 

C PID = Kg{1 + (1/Tis)}(1 + Tds)/(1 + r|Tds) (2) 

where Kg is a proportional gain, Ti is the integration 
time, Td is the differentiation time, and r\ is the constant 
(e.g., <n = 0.2). 

[0004] In this case, in controlling temperature and 
pressure, the transfer function P of the controlled sys- 
tem 1 3 can be approximated by equation (3): 

P = Kp exp(-Lps)/(1 + Tps) (3) 

where Kp is the gain, Tp is the time constant, and Lp is 
the dead time. The gain Kp provides static characteris- 
tics for the controlled system 13; the time constant Tp, 
time delay characteristics (dynamic characteristics); 
and the dead time Lp, dead time characteristics 
(dynamic characteristics). 

[0005] According to the known adjustment formula 
in a control theory or the known IMC theory proposed by 
M. Morari, in order to satisfy both stability and quick 
response of control, PID parameters (proportional gain 
Kg, integration time Ti, and differentiation time Td) are 
preferably given as follows: 



TI = PTp (5) 

5 Td = yLp (6) 

where a, p, and y are constants (e.g., a = 0.6, P = 1 , and 
Y= 0.5). If PID parameters are set for the control arith- 
metic section 12, excellent control characteristics can 

10 be normally obtained. 

[0006] According to the above conventional PID 
control arithmetic apparatus, in a steady state of tem- 
perature control, when a disturbance occurs, e.g., a 
temporary drop in temperature occurs, the manipulated 

15 variable MV is updated to restore the temperature. At 
the time of occurrence of a disturbance like a temporary 
drop in temperature, the temperature is automatically 
restored without updating the manipulated variable MV 
after a lapse of a relatively long period of time. In such a 

20 case, updating the controlled variable PV by using the 
PID control unit apparatus amounts to excessive manip- 
ulated variable correction. Consequently, as a phenom- 
enon reflecting in the controlled variable PV, an 
excessive control response represented by an over- 

25 shoot occurs, as shown in Fig. 6A. 

[0007] As an example of a temporary drop in tem- 
perature as a disturbance, a phenomenon occurs, in 
which the temperature in a reaction furnace temporarily 
drops when a boat on which a plurality of semiconductor 

30 wafers are mounted is inserted into the reaction furnace 
in a batch type CVD (Chemical Vapor Deposition) fur- 
nace used for the manufacture of semiconductors. In 
the batch type CVD furnace shown in Fig. 7, reference 
numeral 61 denotes a boat, 62, a reaction furnace, 63-1 

35 to 63-5, heaters for heating zones 1 to 5 in the reaction 
furnace 62; 64-1 to 64-5, sensors for measuring the 
temperatures (controlled variables PV) in the zones 1 to 
5, and 65-1 to 65-5, PID control arithmetic apparatuses. 
The PID control arithmetic apparatuses 65-1 to 65-5 

40 calculate the manipulated variables MV and output 
them to the heaters 63-1 to 63-5 to set the temperatures 
in the zones 1 to 5 to the temperature designated by the 
set point SP. 

[0008] For temperature control in a semiconductor 
45 manufacturing process of forming a thin film by using a 
chemical reaction, an overshoot is a serious undesired 
phenomenon. Under the circumstances, a control arith- 
metic apparatus is disclosed in Japanese Patent Laid- 
Open No. 4-039701 (reference 1). This apparatus has 
so the function of suppressing an overshoot by temporarily 
correcting the set point SP supplied to a PID control 
arithmetic section to a value near the controlled variable 
PV when a situation in which the controlled variable PV 
approaches the set point SP is detected, as shown in 
55 Fig. 8A. 

[0009] The control arithmetic apparatus disclosed 
in reference 1 corrects the set point SP upon detection 
of a situation in which the controlled variable PV 
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approaches the set point SR For this purpose, the over- 
shoot suppressing function is activated in the second 
half of last period in a series of controlled variable 
changes in the time interval between the instant at 
which the controlled variable PV deviates from the set 
point SP upon application of a disturbance and the 
instant at which the controlled variable PV is settled at a 
value near the set point. For this reason, at the time of 
occurrence of a disturbance for which the controlled var- 
iable PV changes at a high speed, like a temporary drop 
in temperature at the time of loading of a boat into the 
batch type CVD furnace, the overshoot suppressing 
function does not work for an excessive manipulated 
variable correction immediately after the application of a 
disturbance, which should be suppressed. 
[0010] Consequently, as shown in Figs. 8A and 9A, 
only a control result that does not differ much from that 
obtained by a general control arithmetic apparatus hav- 
ing no overshoot suppressing function can be obtained. 
That is, even if the overshoot suppressing function is 
activated upon detection of a situation in which the con- 
trolled variable PV approaches the set point SP, it is 
substantially too late to perform effective control. As 
described above, in the conventional control arithmetic 
apparatus, if a disturbance for which the controlled vari- 
able PV changes at high speed is applied, an overshoot 
cannot be suppressed. 

Summary of the Invention 

[001 1 ] It is an object of the present invention to pro- 
vide a control arithmetic apparatus and method which 
can suppress an overshoot even if a disturbance for 
which the controlled variable changes at high speed is 
applied. 

[001 2] In order to achieve the above object, accord- 
ing to the present invention, there is provided a control 
arithmetic apparatus comprising first calculation means 
for calculating an error of a controlled variable on the 
basis of a controlled variable and set point for a control- 
led system, detection means for detecting, in control 
cycles, on the basis of the error output from the first cal- 
culation means whether a disturbance is applied, sec- 
ond calculation means for calculating an error 
correction amount on the basis of a magnitude of the 
error output from the first calculation means when appli- 
cation of a disturbance Is detected, convergence opera- 
tion means for performing convergence operation such 
that the error correction amount output from the error 
correction amount calculation means gradually con- 
verges to 0, and control arithmetic means for calculating 
a manipulated variable on the basis of the error output 
from the first calculation means and an error correction 
amount after the convergence operation which is output 
from the convergence operation means. 



Brief Description of the Drawings 
[0013] 

5 Fig. 1 is a block diagram showing a PiD control 

arithmetic apparatus according to an embodiment 
of the present invention; 

Fig. 2 Is a flow chart showing the operation of the 
PID control arithmetic apparatus in Fig. 1; 
10 Figs. 3A and 3B are graphs showing changes in 
controlled variable and manipulated variable in the 
PID control arithmetic apparatus in Fig. 1 and the 
prior art; 

Figs. 4A and 4B are graphs showing changes in 
15 controlled variable and manipulated variable in the 
PID control arithmetic apparatus in Fig. 1 and the 
prior art when disturbances with different magni- 
tudes are applied; 

Fig. 5 is a block diagram showing a control system 
20 using the conventional PID control arithmetic appa- 
ratus; 

Figs. 6A and 6B are graphs showing changes In 
controlled variable (temperature) and manipulated 
variable in a PID control arithmetic section in Fig. 5 
25 when a disturbance like a temporary drop in tem- 
perature is applied; 

Fig. 7 is a sectional view showing a batch type CVD 
furnace; and 

Rgs. 8A and 8B are graphs showing changes in 
30 controlled variable and manipulated variable in the 
conventional control arithmetic apparatus having 
the overshoot suppressing function. 

Description of the Preferred Embodiment 

35 

[0014] The present invention will be described in 
detail below with reference to the accompanying draw- 
ings. 

[0015] Fig. 1 shows a PID control arithmetic appa- 

40 ratus according to an embodiment of the present inven- 
tion. As shown in Fig. 1, the PID control arithmetic 
apparatus of this embodiment is comprised of a control- 
led variable input section 1 to which a controlled varia- 
ble PV is input, a set point input section 2 to which a set 

45 point SP is input, a subtracting section 3 for calculating 
an error Er of the controlled, variable PV (to be referred 
to as the error Er hereinafter) with respect to the set 
point SP, a disturbance application detecting section 4 
for determining in control cycles on the basis of the error 

50 Er whether a disturbance is applied, and outputting an 
activation signal s1 in accordance with the determina- 
tion result, an error correction amount calculating sec- 
tion 5 for calculating an error correction amount Erx on 
the basis of the magnitude of the error Er upon receiving 

55 the activation signal s1 representing the detection of the 
application of a disturbance, an error correction amount 
convergence calculating section 6 for performing con- 
vergence operation such that the error correction 
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amount Erx gradually converges to 0 according to a pre- 
determined rule, a control arithmetic section 7 for calcu- 
lating a manipulated variable MV on the basis of the 
error Er output from the subtracting section 3 and an 
error correction amount Erx* after the convergence 5 
operation, and a manipulated variable output section 8 
for outputting the manipulated variable MV to a control- 
led system. 

[0016] The operation of the PID control arithmetic 
apparatus having the above arrangement will be w 
described next with reference to Fig. 2. 
[001 7] First of all, the controlled variable PV is input 
from a controlled system (e.g., a sensor for detecting 
the controlled variable PV) to the controlled variable 
input section 1 serving as an interface with the outside is 
(step S101). Meanwhile, the set point SP set by an 
operator is Input to the set point input section 2 (step 
S1 02). The subtracting section 3 subtracts the control- 
led variable PV output from the controlled variable input 
section 1 from the set point SP output from the set point 20 
input section 2, and outputs the result as the error Er (= 
SP-PV) (steps 103). 

[0018] The disturbance application detecting sec- 
tion 4 determines in control cycles whether a distur- 
bance is applied (step S104). If the disturbance 25 
application detecting section 4 determines that a distur- 
bance is applied, the section 4 outputs the activation 
signal s1 to the error correction amount calculating sec- 
tion 5. The disturbance application detecting section 4 
determines the application of a disturbance when the 30 
controlled variable PV changes in the direction to devi- 
ate from the set point SP. As described below, there are 
two types of situations in which the controlled variable 
PV deviates from the set point SP: 

35 

(I) a situation in which the error Er is a positive 
value, and an absolute value lErl increases (the 
controlled variable PV becomes smaller than the 
set point SP), i.e., Er > 0 and Er > Er* (Er 1 is an error 
preceding one control cycle) are satisfied; and 40 

(II) a situation in which the error Er is a negative 
value and the absolute value lEri increases (the 
controlled variable PV becomes larger than the set 
point SP), i.e., Er < 0 and Er < Er 1 are satisfied. 

45 

[0019] Wen one of situations (I) and (II) described 
above occurs, the disturbance application detecting 
section 4 determines that a disturbance is applied, and 
outputs the activation signal s1. 

[0020] Upon receiving the activation signal s1 from so 
the disturbance application detecting section 4, the 
error correction amount calculating section 5 calculates 
the error correction amount Erx corrected by multiplying 
the error Er by a predetermined coefficient, and outputs 
it to the error correction amount convergence calculat- 55 
ing section 6 (step S105). The error correction amount 
Erx is calculated by 



Erx = Er (7) 

where q Is a constant (e.g.. £ = 0.8). 
[0021] The error correction amount convergence 
calculating section 6 then performs convergence opera- 
tion such that the error correction amount Erx output 
from the error correction amount calculating section 5 
gradually converges to 0 according to a predetermined 
rule (step S106). More specifically, the error correction 
amount convergence calculating section 6 calculates 
the error correction amount Erx* after the convergence 
operation according to equation (8): 

Erx* = Erx (8) 

where \ is a constant (0 < X < 1 ; for example, X = 0.95). 
If the error correction amount Erx Is not output from the 
error correction amount calculating section 5, the error 
correction amount convergence calculating section 6 
performs convergence operation based on equation (8) 
by using the error correction amount Erx* obtained by 
convergence operation preceding one control cycle as 
the error correction amount Erx in the current control 
cycle. The initial value of the error correction amount 
Erx' (Erx) is 0. 

[0022] The control arithmetic section 7 performs 
PID operation represented by equation (9) on the basis 
of the value obtained by subtracting the error correction 
amount Erx' after the convergence operation from the 
error Erto calculate the manipulated variable MV (step 
S107). 

MV=C piD (Er-Erz') (9) 

C PID = Kg{1 + (1/Tis}(1 +Tds)/(1 + r|Tds) (10) 

where Kg is the proportional gain, Ti is the integration 
time, Td is the differentiation time, and t] is a constant 
(e.g.,ri = 0.2). 

[0023] The manipulated variable MV calculated by 
the control arithmetic section 7 is output to a controlled 
system, e.g., an operating unit such as a valve or 
heater, through the manipulated variable output section 
8 serving as an interface with the outside (step S108). 
The control arithmetic apparatus repeats the above 
processing in steps S101 to S108 in control cycles until 
a stop command is input from an operator or the like. 
[0024] Figs. 3A and 3B show the states of the con- 
trolled variable PV and manipulated variable MV in the 
PID control arithmetic apparatus described above. 
Referring to Fig. 3A, reference symbol PVO denotes the 
controlled variable obtained by the conventional control 
arithmetic apparatus. Referring to Fig. 3B, reference 
symbol MVO denotes the manipulated variable obtained 
by the conventional control arithmetic apparatus. 
[0025] As shown in Fig. 3A, when a disturbance is 
applied at timetl , the error correction amount Erx' (Erx) 
is immediately calculated on the basis of the magnitude 
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of the error Er caused by the disturbance, and the input 
value equivalent to the error, which is used for control 
operation, is corrected to a value (Er - Erx 1 ) having a 
small absolute value by using the calculated error cor- 
rection amount Erx'. With this operation, even if a distur- 5 
bance for which the controlled variable PV changes at 
high speed occurs, excessive manipulated variable cor- 
rection can be suppressed immediately from the instant 
at which the disturbance is applied. As a consequence, 
an overshoot can be suppressed as compared with the f o 
conventional control arithmetic apparatus. 
[0026] At the end of the situation in which the abso- 
lute value lErl of the error increases upon application of 
the disturbance (the controlled variable PV deviates 
from the set point SP) (time t2 in Fig. 3A), the distur- 15 
bance application detecting section 4 stops outputting 
the activation signal si. With this operation, the error 
correction amount calculating section 5 stops calculat- 
ing the error correction amount Erx, and hence the error 
correction amount Erx* gradually converges to 0 owing 20 
to the function of the error correction amount conver- 
gence calculating section 6. As described above, since 
the error correction amount Erx* is made to gradually 
converge to 0 instead of being abruptly restored to 0, 
control can be performed without any discontinuous, 25 
inappropriate control operation due to an abrupt change 
in the manipulated variable M V. 

[0027] A point of the present invention is that a situ- 
ation in which the absolute value lErl of an error 
increases upon application of a disturbance is detected, 30 
and the error correction amount Erx' (Erx) is obtained by 
multiplying the error Er by a predetermined coefficient. 
The method of determining the error correction amount 
Erx' according to the present invention is based on the 
facts that a controlled system is normally approximated 35 
by linear characteristics near the specific controlled var- 
iable PV, and a general-purpose control arithmetic 
method such as PID control is a linear control method. 
This method can be used without any deterioration in 
the linear characteristics of a controlled system. 40 
[0028] When disturbances appear in an actual con- 
trolled system capable of linear approximation as in 
temperature control, the error Er varies in magnitude in 
many cases, as shown in Figs. 4A and 4B. In contrast to 
this, the disturbance application time and restoration 45 
time do not vary much because of the linear character- 
istics. Referring to Figs. 4 A and 4B, reference symbols 
MV1 and PV1 respectively denote a manipulated varia- 
ble and controlled variable in case 1 associated with the 
conventional control arithmetic apparatus; and M V2 and so 
PV2, a manipulated variable and controlled variable in 
case 2 associated with the conventional control arith- 
metic apparatus. 

[0029] According to the control arithmetic appara- 
tus of the present invention, the numerical values of the 55 
above constants £ and A. remain the same with respect 
to disturbances with different magnitudes like those 
shown in Figs. 4A and 4B, and hence an overshoot sup- 



pressing effect appropriately works. By determining the 
appropriate numerical values of the constants § and X 
unique to a controlled system, therefore, an overshoot 
suppressing function that requires no frequent change 
in numerical value and hence is excellent in operability 
can be implemented. 

[0030] In this embodiment, the input value equiva- 
lent to the error used for control operation is corrected to 
(Er - Erx') as indicated by equation (9). However, since 
the error Er is calculated by (SP - PV), error correction 
performed in this embodiment is substantially repre- 
sented by (SP - PV - Erx'). This function therefore 
amounts to set point correction represented by 
{(SP - Erx') - PV} or controlled variable correction rep- 
resented by {SP - (PV + Erx') }. 

[0031] In this embodiment, the present invention is 
applied to PID control. Obviously, however, the present 
invention is not limited to this and can be applied to IMC 
control. In this case, the control arithmetic section 7 per- 
forms IMC operation instead of PID operation. 
[0032] According to the present invention described 
above, in a control arithmetic apparatus for performing 
PID/IMC control or the like to calculate a manipulated 
variable on the basis of the error of a controlled variable 
with respect to a set point, when the application of a dis- 
turbance is detected from an increase in the absolute 
value of an error, an error correction amount is calcu- 
lated on the basis of the magnitude of the error, and a 
manipulated variable is calculated on the basis of the 
error and error correction amount. With this operation, 
even if a disturbance for which the change speed of a 
controlled variable is too high to obtain a good result by 
the conventional overshoot suppressing function is 
applied, an overshoot can be automatically suppressed. 
In addition, since an error correction amount is made to 
gradually converge to 0 according to a predetermined 
rule, control can be performed without any discontinu- 
ous, inappropriate control operation due to an abrupt 
change in manipulated variable. 

Claims 

1. A control arithmetic apparatus characterized by 
comprising: 

first calculation means (3) for calculating an 
error (Er) of a controlled variable on the basis 
of a controlled variable (PV) and set point (SP) 
for a controlled system; 
detection means (4) for detecting, in control 
cycles, on the basis of the error output from 
said first calculation means whether a distur- 
bance is applied; 

second calculation means (5) for calculating an 
error correction amount (Erx) on the basis of a 
magnitude of the error output from said first cal- 
culation means when application of a distur- 
bance is detected; 
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convergence operation means (6) for perform- 
ing convergence operation such that the error 
correction amount output from said error cor- 
rection amount calculation means gradually 
converges to 0; and 

control arithmetic means (7) for calculating a 
manipulated variable (M V) on the basis of the 
error output from said first calculation means 
and an error correction amount (End) after the 
convergence operation which is output from 
said convergence operation means. 

2. An apparatus according to claim 1, wherein said 
calculation means comprises subtraction means for 
calculating an error by subtracting a controlled vari- 
able of the controlled system from a set point. 

3. An apparatus according to claim 1, wherein said 
disturbance application detection means detects 
application of a disturbance when an absolute 
value of the error output from said first calculation 
means Increases. 

4. An apparatus according to claim 3, wherein said 
disturbance application detection means detects 
application of a disturbance if Er > 0 and Er > Si 3 
where Er is an error and Er" is an error preceding 
one control cycle, and Er < 0 and Er < Er\ 

5. An apparatus according to claim 1, wherein said 
second calculation means calculates an error cor- 
rection amount by multiplying the error output from 
said first calculation means by a predetermined 
coefficient. 

6. An apparatus according to claim 1, wherein said 
control arithmetic means performs one of PID (Pro- 
portional, Integration^ and Differential) operation 
and IMC (Internal Model Control) operation. 

7. An apparatus according to claim 1 , wherein 

said apparatus further comprises: 
controlled variable input means (1) to which a 
controlled variable of a controlled system is 
input; and 

set point input means (2) to which a set point is 
input, and 

said first calculation means calculates an error 
of a controlled variable by using the controlled 
variable for the controlled system which is out- 
put from said controlled variable input means 
and the set point output from said set point 
input means. 

8. An control arithmetic method characterized by com- 
prising the steps of: 



calculating an error (Er) of a controlled variable 
on the basis of a controlled variable (PV) and 
set point (SP) for a controlled system; 
detecting, in control cycles, on the basis of the 
5 calculated error whether a disturbance is 

applied; 

calculating an error correction amount (Erx) on 
the basis of a magnitude of the calculated error 
when application of a disturbance is detected; 
10 performing convergence operation to make the 

calculated error correction amount gradually 
converge to 0 according to a predetermined 
rule; and 

calculating a manipulated variable (MV) on the 
75 basis of the calculated error and an error cor- 

rection amount (Erx 1 ) after the convergence 
operation, and outputting the manipulated vari- 
able to the controlled system. 

20 9. A method according to claim 8, wherein the step of 
calculating the error comprises the step of calculat- 
ing the error by subtracting the controlled variable 
of the controlled system from the set point. 

25 10. A method according to claim 8, wherein the step of 
detecting the application of the disturbance com- 
prises the step of detecting the application of the 
disturbance when an absolute value of the calcu- 
lated error increases. 

30 

11. A method according to claim 1 0, wherein the step of 
detecting application of the disturbance comprises 
the step of detecting application of a disturbance if 
Er > 0 and Er > Er 1 where Er is an error and Er* is an 

35 error preceding one control cycle, and Er < 0 and Er 
<Er\ 

12. A method according to claim 8, wherein the step of 
calculating the error correction amount comprises 

40 the step of calculating an error correction amount 
by multiplying a calculated error by a predeter- 
mined coefficient. 

13. A method according to claim 8, wherein the step of 
45 calculating the manipulated variable comprises the 

step of calculating a manipulated variable of per- 
forming one of PID (Proportional, Integrational and 
Differential) operation and IMC (Internal Model 
Control) operation. 

50 

14. A method according to claim 8, wherein 

the method further comprises the steps of: 
inputting a controlled variable of a controlled 
55 system; and 

inputting a set point, and 

the step of calculating the error comprises the 

step of calculating an error of a controlled vari- 
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able by using the input controlled variable and 
input set point for the controlled system. 
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